Abstract. The aim of the present work was to study the impact of chemical climate (i.e. the chemical composition of precipitation) on radioactive caesium in soil and plants. This was done through field studies and a laboratory experiment. Three types of precipitation regimes were considered in both cases, representing a natural range found in Norway: Acidic precipitation (southernmost part of the country); precipitation rich in marine cations (coastal areas); and low concentrations of sea salts (inland areas). Results indicate that acid rain increases the mobility and the plant availability of radioactive caesium.
INTRODUCTION
Precipitation may be an important source of mobile ions in natural surface soils [1] . Previous studies in Norway have indicated that retention of radioactive caesium in surface soils is influenced by geographical variations in the composition of precipitation [2, 3] , and it is well known that concentrations of mobile base cations can influence plant availability of radionuclides. The aim of the present work was to study the impact of chemical climate (i.e. the composition of precipitation) on radioactive caesium in soil and plants in more detail. The study was divided in two main parts: (1) Field studies from bilberry birch forests sites subject to different chemical climate; (2) Soil column studies performed in the laboratory. In both parts three types of precipitation regimes were considered, representing a natural range found in Norway: Acidic precipitation, precipitation rich in marine cations, and low concentrations of sea salts.
FIELD STUDIES
Soil and plant samples were collected in four regions of Norway subject to climatic conditions ranging from highly oceanic to slightly continental, and exposed to different levels of long-range atmospheric deposition of air pollutants. The geographical location of the sampling areas -denoted A, B, C and D -are shown in Figure 1 . Different ranges of marine influence are indicated by chloride deposition [4] , and influence of long-range transported pollutants from other parts of Europe by lead concentration in terrestrial moss [5] . Three representative sites were selected within each of the four study areas. An overview of the treatment and analyses of field samples is shown in Figure 2 .
Caesium-137 in soil
Deposition density estimates with depth distributions are shown in Figure 3 . In general the 137 Cs contamination was markedly higher in area C compared with the other areas, which is in accordance with the Chernobyl deposition pattern in Norway [6] . There is also a significantly higher retention of total caesium-137 in the top 0-3 cm soil layer of area C than in the other areas (ANOVA, p < 0.01). Obviously the depth distribution of caesium-137 shown in Figure 3 is not due to precipitation quality alone. There are considerable differences in soil composition between the coastal areas (A + B) on one side and inland areas (C + D) on the other: The coastal sites have a generally thick organic layer (6-12 cm), with LOI around 90%, whereas the corresponding layers at the inland sites are significantly thinner, with a considerably higher mineral content (50% or more). Furthermore, about 80% of the Cs-137 in area D -in contrast to the other three areas -originates from the nuclear weapons tests in the 1950s and 60s [7] , and the relatively low retention of caesium-137 in the uppermost layer may to some extent be attributable to the longer time passed since fallout. Consequently, vertical distribution at the D sites is not directly comparable to results from areas A-C.
In area C, merely 1-8% of the humus layer 137 Cs was extracted using ammonium nitrate (e2), whereas the corresponding figures from the coastal areas were 30-40% and 20%, respectively. Furthermore, the exchangeable fraction was relatively high (20-30%) in area D -in spite of the longer time since fallout. The most likely cause of the generally lower mobility of caesium-137 in area C compared with the other three sites is higher content in the soil of micaceous clay minerals such as illite, which specifically bind caesium [8] .
From exchangeable fractions alone one should expect differences in vertical distribution between areas A and B. Our results, however, do not indicate -in spite of the larger soluble/exchangeable fractions -a higher vertical mobility at the A sites. There may be several explanations to this, one important factor being recirculation of 137 Cs in the uppermost soil layer due to uptake in plants.
Transfer of caesium-137 to plants
Plant specific aggregated transfer factors (T ag s; 0-12 cm) were derived using relevant deposition densities from Figure 3 . A summary of the results for the five plant species found at all 12 sites are shown in Figure 4 . For these species, ANOVA (with post-hoc Tamhane T2) showed that soil-to-plant transfer was significantly higher in area A compared with the three other areas (p < 0.01). The T ag s were also significantly higher in area B compared with area C (p < 0.05), but not statistically different from the T ag s in area D. As evident from Figure 4 , the transfer factor was in average 7-8 times higher in area A compared to area C. This difference, however, is smoothing out when considering the exchangeable fractions of 137 Cs, and is apparently due to the low caesium mobility in area C. More interesting for our purpose is comparing the two coastal areas: Using the humus layer as a collective term for the layers 0-3, 3-6, and 6-9 cm, a t-test showed that the pH and base saturation were significantly higher in area B (p < 0.01), whereas the exchangeable acidity was significantly higher in area A (p < 0.01). These differences are clearly attributable to different composition of precipitation between the two regions, and comprise a likely explanation to the lower transfer of soluble/exchangeable caesium-137 in area B.
COLUMN STUDY
Undisturbed soil profiles (0-40 cm) were gathered in the vicinity of the C sites sampled in the field study (Fig. 1) . All profiles were podzols collected within a small area of approximately 2 × 10 m. In the laboratory 9 soil columns (Fig. 5) were treated with artificial precipitation of different composition: Three columns (Ac 1-3) were added acidic precipitation (pH 4.2) with increased levels of ammonium, three were treated with precipitation rich in marine cations (Ma 1-3) , while the last three were supplied with precipitation characteristic of inland areas, containing low concentrations of sea salts (In 1-3) .
Following an equilibrium period of 12 weeks of continuous precipitation, 134 Cs (7000 Bq) was added to all columns in order to investigate differences in mobility between "freshly added" radiocaesium (here represented by 134 Cs) and "older" caesium-137 mainly from the Chernobyl accident, presumably more strongly fixed in the soil. The amount of artificial precipitation added during the whole period was approximately 10 000 mm. Effluent samples were taken at regular intervals (ca 3 times a month). Conductivity and pH were measured for all samples, whereas radiocaesium ( 134 Cs, 137 Cs) was determined in selected samples. Effluent activity concentrations above detection limits (> 1.5 Bq/l) were observed neither for 137 Cs nor for 134 Cs. After the column setup was taken down the soil profiles were carefully sliced. 96 ± 4% of the added caesium-134 was recovered in the soil cores.
Depth distribution of radioactive caesium
The results shown in Table 1 indicate that vertical distribution of "freshly added" radioactive Cs in soil is influenced by the composition of precipitation, and that acid rain (with low pH and high ammonium concentration) increases caesium mobility compared with the other two precipitation types used in the experiment. A likely cause for the higher mobility of freshly added caesium-134 for the columns treated with acid precipitation is competition with ammonium for frayed edge sites (FES). Moreover, an additional effect of humus layer thickness/mineral material content of the humus layer are evident for all three precipitation types. This could be due to the lower density of organic rich layers and/or humus blocking specific clay mineral sites [8] .
In contrast, the vertical distribution of "older" Cs-137 (mainly from the Chernobyl accident) was not largely affected by type of precipitation. Furthermore, no clear differences were found between the 9 treated ("columns") and 6 untreated ("references") profiles taken from the same 20 m 2 sampling site. In both cases about 60% of the total activity was found in the uppermost 2 cm, indicating that the main part of Cs-137 is now irreversibly fixed to this type of soil. This corresponds well with the findings of the field studies discussed above -with low mobile Cs fraction of area C. In view that the exchangeable fraction in area A was several times higher, it would have been interesting to study the results from a corresponding column study using soil from southernmost Norway.
CONCLUSION
Our study has demonstrated that chemical climate can have an impact on environmental behaviour of radioactive caesium: The field studies showed significant regional differences in plant uptake between the investigated areas e.g. with soil-to-plant transfer factors being up to 7-8 times higher for the sites receiving acid rain. Moreover, the main conclusion from the columns studies was that acid rain increases vertical movement of radioactive caesium compared with other types of precipitation typical for Norway. However, the importance of precipitation quality on soil depth distribution and plant uptake of radioactive caesium may depend on additional factors such as physical composition of the soil and time since fallout.
